Objective: Many patients treated for craniopharyngioma (CP) complain of a relative incapacity for physical activity. Whether this is due to an objective decrease in adaptation to exercise is unclear.
Introduction
Despite appropriate pituitary hormone substitutive treatment, general quality of life is often impaired in adult as well as pediatric patients treated for craniopharyngioma (CP), especially on physical subscales (1, 2, 3, 4, 5) . Most patients complain of fatigue and reduced physical activity (1) . A decrease in movement counts has been shown in affected children using an accelerometer (6) . Whether the decline in physical activity is due to depression and a general feeling of fatigue (1, 7) , to obesity (8) , or directly due to an objective lack of adaptation to exercise is unknown: no evaluation of exercise performance, including maximal oxygen uptake, has been specifically performed in adult or pediatric patients with CP.
Impaired exercise performance has been extensively studied in subjects with GH deficiency (GHD) (9, 10) . Placebo-controlled trials have shown an improvement in aerobic capacity in adults by GH replacement (11) . Most of the studied subjects had multiple pituitary hormone deficiencies and were receiving appropriate replacement therapies. No similar study has been performed in children, although in adults with childhood-onset GHD solely, no significant improvement in exercise capacity was found upon GH replacement (11) . These discrepancies could be due to the cause rather than the age of GHD onset: pituitary macroadenoma, the main cause of adult-onset GHD, is virtually nonexistent in children (12) .
The main objective of this study was to assess exercise tolerance using a standardized high-intensity cycle ergometer test in 17 children and adolescents with surgically treated CP, a unique cause of pituitary hormone deficiency, and appropriate pituitary hormone replacement therapy, compared with 22 healthy controls matched for age, gender, height, body mass index (BMI), percent body fat, and weekly sports volume. Maximal aerobic capacity was expressed as the ratio of both VO 2max to body weight and VO 2max to fat-free mass (FFM), as the latter measure is independent of age in this age range (13, 14, 15) . Since several factors could theoretically contribute to alterations in exercise capacity in affected subjects, including homeostatic dysfunction due to hypothalamic involvement (8) , a defect in epinephrine secretion (16, 17, 18) , or insufficient pituitary hormone replacement therapy including GH, we also studied the impact of GH replacement, epinephrine deficiency, and hypothalamic involvement on parameters of exercise capacity.
Materials and methods

Subjects
Children with CP Seventeen children with CP (12 males and five females) were studied; 14 had undergone transcranial surgery and three, transnasal surgery. Surgery had been performed 1.0-15.0 years before the study. The age range was 7.3-18.0 years at the time of the study. Ten had had a tumor with hypothalamic involvement, as classified by Puget et al. (19) : preoperative magnetic resonance imaging showed no identifiable hypothalamus and/or postoperative magnetic resonance imaging showed hypothalamic damage (up to no identifiable floor of the third ventricle). Postoperatively, all the children had at least two pituitary hormone deficiencies (17 with GHD, 17 with TSH deficiency, 15 with corticotropin deficiency, 14 with certain gonadotropin deficiency (as they had not gone through puberty at the usual age and needed sex steroid substitution), and 16 with diabetes insipidus) and were receiving appropriate hormone replacement therapy. All the subjects received levothyroxine (2.0G0.6 mg/kg) leading to circulating free T 4 levels of 15.6G4.8 pmol/l (normal valueZ10-23) and 15 received hydrocortisone (10.3 G2.0 mg/m 2 of body surface area). All had received rhGH replacement (30G11 mg/kg per day): among them, six were still on rhGH treatment because they were growing and 11 had stopped rhGH treatment 6 months to 2 years earlier because they had reached their adult height. Fourteen subjects received sex steroid (testosterone enanthate in males, 17b-estradiol in females) and 16 received desmopressin replacement (plasma Na 141G3 mmol/l). Hemoglobin measurement was 14.5G1.5 g/dl and capillary PO 2 was 98G1 mmHg.
Control group for cycle ergometer test Twenty-two healthy children (14 males and eight females) agreed to participate in the study. All were in good health and none was taking medication. The age range was 11.0-18.0 years. Short children group for catecholamine study To establish normative data in children for epinephrine, and norepinephrine in response to insulin, as well as for urinary catecholamines, 17 healthy short children were studied. They were comparable for age (14.4G1.1 years, 7.9-17 years), gender (11 males and six females), and pubertal stage (11 subjects were in puberty and six were prepubertal) to the children with CP. These children had primarily been referred for assessment of GH secretion using an insulin tolerance test (ITT) because of short stature and/or decreasing growth velocity. GHD was ruled out (GH peak to the ITT O20 mUI/l). The children were all in good health and none had gonadotropin deficiency, hypothyroidism, chromosomal abnormalities, dysmorphic syndromes, skeletal dysplasia, chronic illness, or any endocrine or metabolic disease. None was taking medication.
In subjects with CP as well as in controls, height and weight were measured (20) , BMI was calculated (21) , and body composition was measured using bioelectric impedance analysis (Body stat QuadScan 4000; Bodystat, Isle of Man, UK), a method validated in children (22, 23) . Pubertal stage was assessed by physical examination according to the Tanner criteria (24, 25) . Subjects were asked how many hours per week they engaged in strenuous physical activities, such as bicycling, running, swimming laps, and playing soccer, basketball, tennis, or badminton, under a coach's supervision.
Protocols were approved by our institutional review board. All subjects and families gave their informed consent.
Study design
Cycle ergometer test Each subject underwent a maximal incremental exercise test to determine maximal aerobic capacity. The children with CP received their usual hormone replacement therapy. All exercise tests were monitored by a physician and performed in the morning after an overnight fast (water permitted). Subjects were instructed to abstain from caffeinated foods and drinks, alcohol, and strenuous exercise for at least 24 h before each exercise session. The guidelines for exercise testing published by the American Heart Association were observed (26) . All exercise tests were performed on a cycle ergometer (Sensor-Medics Ergoline 800, SensorMedics Corp., Yorba Linda, CA, USA). Subjects were prepped with electrodes for continuous monitoring with a 12-lead electrocardiogram (MAX 1, SensorMedics Corp.) and fitted with a nose clip and mouthpiece assembly for measurement of oxygen uptake (VO 2 ) and carbon dioxide production by open-circuit spirometry (SensorMedics V max ). Variables measured included VO 2 , carbon dioxide, heart rate, blood pressure (BP), respiratory exchange ratio, and spirometry parameters (27) .
After exercising, subjects recovered by pedaling with unloaded resistance until heart rate returned to under 120 beats/min and then by sitting in a chair. All subjects underwent a maximal incremental cycle ergometer test to volitional exhaustion to document their maximal aerobic capacity (VO 2max ). The maximal test involved a 3-min warm up (with unloaded pedaling resistance) followed by a continuous increase in work rate until the subject could go no further. The work rate increase for each subject was determined based on predicted maximal power and was designed to elicit maximal effort within 8-12 min. The VO 2 during the final 20 s of exercise was used as a measure of VO 2max . When the rating of perceived exertion was O17 using the revised Borg scale (28), VO 2max was defined by at least two of the following criteria: i) plateau in VO 2 at 2.0 ml/kg per min or less; ii) heart rate within 5% of 195 beats/min; and iii) respiratory exchange ratio 1.10 or greater. VO 2max and VCO 2max were expressed in milliliter per minute (standard temperature pressure and dry). To avoid the confounding effect of age and height on aerobic capacity, we expressed VO 2max and VCO 2max per unit of body weight and per unit of FFM, as the latter measure was shown to be independent of age, height, and fat mass in children (13, 14, 15) .
Catecholamine study A standardized ITT was performed after a physiological overnight fast in both the children with CP and the children referred for short stature. After placement of a catheter in a peripheral vein, regular insulin was injected i.v. at a dose of 0.1 U/kg at 0800 h. Blood samples were collected at 0, 30, and 60 min for epinephrine and norepinephrine measurements. After the insulin-induced hypoglycemia test, the subjects were allowed to stand up, and after 5 min, blood samples were taken for the measurement of plasma catecholamines (orthostatic test). The day after the ITT, 24-h urine specimens were obtained for catecholamine measurement in both the children with CP and the children referred for short stature, whereas the patients with CP were taking their usual hormone replacement doses.
Assays
Plasma epinephrine and norepinephrine were measured by HPLC with electrochemical detection (16, 29) . Sensitivity was 50 ng/l (0.27 nmol/l), and the intra-and inter-assay coefficients of variation were !5 and 10%, respectively, at every level. Urinary epinephrine and norepinephrine were measured by HPLC with electrochemical detection (30) . Detection limits for epinephrine and norepinephrine were 1 mg/l (5.5 nmol/l) and 1 mg/l (5.9 nmol/l) respectively. Intra-and inter-assay coefficients of variation for catecholamines were !3%.
Statistical analysis
Quantitative variables that were normally distributed, as assessed by the Kolmogorov-Smirnov test, were expressed as meanGS.D., whereas non-normally distributed variables were expressed as medians (25th, 75th percentile). Quantitative variables were compared using ANOVA (without and with adjustment on gender), Fisher's least significant difference post hoc tests and Student's t-tests (for normally distributed variables), and the Mann-Whitney U test (for nonnormally distributed variables). Qualitative variables were compared using the c 2 test. Pearson's correlations were performed. P!0.05 was considered significant. To study the combined effect of GH replacement and hypothalamic involvement on maximal aerobic capacity, multiway ANOVA was performed, with GH replacement (no Z0, yes Z1) and hypothalamic involvement (no Z0; yes Z1) as explanatory variables and gender as a covariate. Statistical tests were performed using the SPSS 16.0 statistical package (SPSS, Inc., Chicago, IL, USA).
Results
Characteristics of the children with CP and healthy controls
Mean age was 15.3G2.5 years, with no difference between the 17 children with CP and the 22 controls (PO0.05; Table 1 ). Mean age, height SDS, BMI SDS, percent fat mass, FFM, and median weekly sports volume were similar in children with CP and healthy controls, in females with CP and female controls, and in males with CP and male controls. Gender and puberty distributions were similar in the two groups. Mean time since the last surgery was 5.7G4.0 years (1-15 years).
Cycle ergometer test in children with CP and healthy controls VO 2max , VCO 2max , peak systolic BP, and systolic BP increment were significantly lower in the children with CP compared with controls (P!0.05 for all comparisons), whereas maximal heart rate and respiratory quotient were similar, indicating that the effort was equally maximal in the two groups. Similarly, the ratios of VO 2max to body weight (VO 2max /BW) and VO 2max to FFM (VO 2max /FFM) were significantly lower in the children with CP compared with controls (P!0.05 for the two comparisons) ( Table 2) , even after adjustment for gender. VO 2max /BW and VO 2max /FFM were not related to age, height, or pubertal stage. The exclusion of the prepubescent children did not change the significance of the comparisons.
Impact of rhGH replacement and hypothalamic involvement on children with CP
Children with hypothalamic involvement (nZ10) had comparable age, height SDS, and weekly sports volume to children without hypothalamic involvement (Table 1) . BMI SDS (2.1G1.5 vs 0.4G0.8 SDS) and percent fat mass (32.2G10.9 vs 20.6G3.9%) were significantly higher in subjects with hypothalamic involvement (P!0.05), whereas FFM was similar. Maximal heart rate and peak respiratory exchange rate were similar between children with and without hypothalamic involvement. However, VO 2max /BW and VO 2max /FFM were lower in children with hypothalamic involvement compared with those without hypothalamic involvement (P!0.05 for the two comparisons) and were similar between CP children without hypothalamic involvement and controls (PO0.05): 24.3G6.4, 36.9G10.0, and 37.8G10.9 ml/kg per min for VO 2max /BW, 35.5G6.6, 45.0G10.1, and 49.5G10.8 ml/kg per min for VO 2max /FFM, in CP children with and without hypothalamic involvement and controls respectively (Fig. 1) . This remained true after adjustment for gender.
Since six of the CP children were being treated with rhGH (see Materials and methods section), we examined the combined effect of hypothalamic involvement and rhGH treatment on aerobic performance. Multiway ANOVAs were performed, with gender as a covariate (Table 3) . Hypothalamic involvement was significantly associated with VO 2max /FFM (K20.6G6.2 ml/kg per min in cases of hypothalamic involvement, PZ0.01), although rhGH treatment alone was not; however, rhGH treatment interacted with hypothalamic involvement to affect VO 2max /FFM (PZ0.03): rhGH treatment was associated with a significant increase of 18.7 G7.3 ml/kg per min in VO 2max /FFM only in the absence of hypothalamic involvement (Table 3) . Similar results were found with VO 2max /BW as the dependent variable (not shown).
Influence of epinephrine deficiency on aerobic capacity of children with CP
The children with CP had significantly lower peak epinephrine and significantly higher peak norepinephrine in response to the ITT than short normal controls (P!0.05 for all comparisons, Table 4 ). In agreement, urinary epinephrine was lower in the children with CP than in the controls (P!0.05).
Correlation analyses were performed between exercise capacity parameters (VO 2max /BW or VO 2max /FFM), systolic BP increment during exercise, peak epinephrine and 
Discussion
Children and adolescents with surgically treated CP and adequate hormone substitution showed 20-25% lower aerobic capacity (expressed as VO 2max to body weight as well as VO 2max to FFM) and 15-20% lower maximal systolic BP than healthy children with similar age, gender, pubertal stage, BMI, and weekly sports volume. This could contribute to the lack of resistance frequently expressed by these subjects. This difference was strongly related to hypothalamic involvement, whereas rhGH treatment was associated with a positive effect on aerobic capacity only in the absence of hypothalamic involvement. Daily epinephrine production and response to hypoglycemia were also decreased in these subjects. However, the degree of hormone deficiency was not related to the defect in aerobic capacity. Maximal ability to utilize oxygen during exercise (VO 2 max ) depends on cardiac output, arterial oxygen content, and muscle oxygen extraction (31) . In two recent studies, basal metabolic rate adjusted to total body weight was significantly lower in adult subjects with CP compared with controls (32), as well as in children with hypothalamic obesity (including CP) compared with simple obese controls (33) . As basal metabolic rate is highly correlated with FFM and muscle mass, these findings could be in agreement with ours and suggest an alteration in muscle function, both at rest and during exercise. Differences in muscle fibers typology, glycogen and triglycerides content, enzymatic equipment (for glycolysis, tricarboxylic acid cycle, or b oxidation), or mitochondrial density or activity could contribute to the differences between groups (34). Muscle biopsies would be needed to better understand this point better. In addition, factors unrelated to intrinsic properties of muscle fibers, such as neuromuscular activation, coordination, or ratio between reserves and use of energy, could also contribute to the differences between children with CP and normal controls and remain to be studied.
The difference in aerobic capacity between children with CP and controls was clearly related to hypothalamic involvement in this study. Since the hypothalamus is known to be involved in the control of energy homeostasis, including skeletal muscle energetic demand, through hormone production, as well as neural circuitries, undetermined factors linked to hypothalamic involvement may alter aerobic capacity (35) . Alternatively, non-physiological pituitary hormone replacement (as the replacement of pituitary hormones hardly reproduces normal physiology) or hormone non-replacement (as for epinephrine) could possibly lead to altered aerobic capacity. Although we did not find any statistical relationship between catecholamine measurements and parameters of aerobic performance, this did not mean the absence of involvement of catecholamines. Notably, plasma epinephrine and norepinephrine measurements in response to ITT or urinary catecholamine measurements gave no precise indication on local in/out flow, or number or sensitivity of receptors to the hormones. Further studies, including at least sequential plasma catecholamine measurements during exercise, would be required. Shifts in energy substrate mobilization and utilization are known to occur as exercise intensity increases: there is a progressive increase in the relative contribution of carbohydrate oxidation and a corresponding decrease in the relative contribution of fat oxidation to energy expenditure (36) . On the other hand, fat utilization during exercise has been shown to be higher in children compared with older subjects (34) . Many steps in substrate mobilization and utilization are under hormonal control, including not only catecholamines but also GH and insulin (34) ; for instance, catecholamines were shown to increase muscle glycogenolysis and glycolysis (37) . The difference in catecholamine production between the children with CP and the controls could therefore contribute to differences in exercise tolerance during the cycle ergometer test (34) .
Cardiac function could also be altered in children with CP. In studies on adults with combined pituitary hormone deficiency with and without GH replacement, cardiac output investigated at rest was not different from that of controls (38, 39) . In another study on 18 GHD adults with no rhGH treatment and appropriate replacement for other pituitary hormone deficiencies, cardiac output and peripheral vascular resistance at rest and during exercise were comparable to those of controls (40, 41) , whereas maximal systolic BP was lower, as in our study: the authors suggested that this was due to a lower pressure-generating capacity of the heart. We did not perform systematic cardiac and vascular evaluation in our study and we are not aware of such evaluation in previous studies on subjects with CP.
In several studies, subjects with CP were less active than healthy subjects and were also more obese (8, 32) , both factors possibly contributing to the differences in VO 2max . In this study, the children with CP were comparable to the controls for BMI SDS, percent fat mass, FFM, and weekly strenuous sports volume. In addition, the differences in VO 2max persisted when adjusted to body weight as well as FFM, thus indicating that it was independent of body composition. We did not measure light physical activities, such as the number of daily steps using a pedometer. However, our children went to school as did the age-matched children, and they had comparable habits regarding extracurricular activities. We therefore believe that the difference in VO 2max could not have been due to unmeasured differences in light physical activities. Theoretically, an alteration in ventilatory function and a defect in oxygen transport by hemoglobin would also influence VO 2max (31) . As all measured respiratory parameters (forced vital capacity, total ventilation, forced expiratory volume in 1 s), hemoglobin concentration, and capillary oxygen content were normal in our subjects with CP, the implication of such factors in the lower aerobic capacity was unlikely.
In two recent meta-analyses including a few hundred adult GH-treated patients compared with untreated subjects, VO 2max increased by about 9% with rhGH treatment (11, 42) . However, this was observed in adults with AO GHD, and not in those with CO GHD. Here, we found that the positive effect of rhGH treatment on VO 2max in children with CP was only observed when there was no hypothalamic involvement, whereas it was not apparent when considering only rhGH treatment independently of hypothalamic involvement. This might explain the apparent discrepancies between studies on adults and suggested that the cause of the GHD should be taken into account in the analyses of rhGH replacement effect. However, the number of subjects in this study was small and our findings need to be confirmed in larger studies.
In conclusion, we found that children and adolescents with surgically treated CP showed decreases in maximal systolic BP and aerobic capacity during an exercise test, despite adequate hormone substitution. This difference with controls was strongly related to hypothalamic involvement, whereas aerobic capacity was improved by rhGH treatment only in subjects without hypothalamic involvement. Whether these declines would be improved by specific treatment remains to be determined.
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